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E-mail address: aeelsner@indiana.edu (A.E. Elsner)The spatial distribution of macular birefringence was modeled to examine the contribution from the
foveal Henle ﬁber layer, particularly cone axons. The model was tested in 20 normal subjects, age 17–
55 yr. Phase retardance due to Henle ﬁbers was modeled for rings increasing in radius around the fovea,
using a sinewave of two periods (2f). The 2f sinewave amplitude increased linearly with eccentricity for
each individual, (p < 0.004) in 19 of 20 subjects. A good ﬁt to linearity implies regular cone distribution
and radial symmetry, and the uniformly excellent ﬁts indicate no effect of age in our sample. The peak of
the 2f sinewave amplitude varied across subjects from 1.06 to 2.46 deg. An increasingly eccentric peak
with increasing age would indicate a relative decrease of cone axons in the central fovea, but the location
of the peak was not associated with age for our sample, which did not include elderly subjects.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
In assessing changes to the retina with aging or disease, the fo-
veal cone photoreceptors are considered crucial. Visual acuity is a
typical means of assessing foveal cone photoreceptors, as tightly
packed and functioning cones are required for good visual acuity.
However, this clinically accepted standard can miss pathology. Fur-
ther, poor visual acuity may result from problems in any part of the
visual pathway, ranging from optical aberrations and clarity of the
ocular media to the visual information processing and recognition
of characters by the brain.
To provide more speciﬁc information about cones than obtained
from either visual acuity or light sensitivity techniques, Pokorny
and Smith (1976) demonstrated that foveal cones contain more
photopigment per unit retinal surface area than the more eccentric
cones. The underlying concept is that photopigment optical density
depends on pathlength of light through the photopigment. As long
as concentration of photopigment per unit volume, as well as
extinction spectra of the photopigments, do not vary within the fo-
veal region, the health of the outer segments is directly reﬂected by
measures corresponding to optical density of photopigment (Burns
& Elsner, 1985). This seminal ﬁnding led to our current under-
standing that cone photopigment changes in aging are minimal
outside the central fovea, but the central fovea for healthy eyes
of older subjects has less photopigment optical density than for
younger subjects (Eisner, Fleming, Klein, & Mauldin, 1987a; Elsner,ll rights reserved.
.Berk, Burns, & Rosenberg, 1988; Swanson & Fish, 1996) and disease
(Burns, Elsner, & Lobes, 1988; Eisner, Stoumbos, Klein, & Fleming,
1991; Elsner, Burns, & Lobes, 1987c; Elsner, Burns, Lobes, & Doft,
1987b; Elsner, Burns, & Weiter, 2002; Smith, Pokorny, & Diddie,
1978; Smith, Pokorny, & Diddie, 1988).
Cone photoreceptor outer segment health is also assessed with
reﬂectometry, a complementary technique that measures the opti-
cal density of cone photopigment (Keunen, van Norren, & van Meel,
1987; Kilbride, Read, Fishman, & Fishman, 1983; Smith, Pokorny, &
van Norren, 1983). Imaging reﬂectometry measurements agree
with the color matching techniques, demonstrating overall de-
creases in foveal cone photopigment with age consistent with
changes in the distribution of the cone photopigment (Elsner,
Burns, Beausencourt, & Weiter, 1998; Elsner, Burns, & Webb,
1993; Marcos, Tornow, Elsner, & Navarro, 1997). In young subjects,
there is a sharp peak of cone photopigment optical density in the
central fovea. In middle-aged subjects, there is a peak of cone
photopigment in the central fovea, but this is less sharp than in
younger subjects. In older subjects with normal retinas, the cone
photopigment is displaced away from the foveal center in a man-
ner that is better described as an annular distribution than a peak
(Elsner et al., 1998). Macular pigment can also have an annular dis-
tribution (Elsner et al., 1998), with the annular distribution dis-
placed outward radially as expected from the lateral
displacement of cone axons. An annular distribution of macular
pigment is consistent with several hypotheses (Berendschot &
van Norren, 2006; Elsner et al., 1998), but when photopigment
and macular pigment distribution changes are found in the same
subjects with independent image datasets, a parsimonious expla-
nation is needed. One explanation is that cone photoreceptors
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ment, are displaced laterally and are also located more eccentri-
cally (Elsner et al., 1998).
The studies with cone photopigment clearly demonstrate the
potential for functional loss, given the low or even negligible
amount of photopigment in the foveal center. Quantifying cone
photopigment provides a measure of outer segment health, and
documents the necessary relation of outer segment to inner seg-
ment in the capture of light and generation of a neural signal. How-
ever, these measures do not show whether a cone potentially can
be rescued, but at the time of examination is unable to produce
functional outer segments with photopigment.
A potential measure of whether foveal cones, even compromised
ones, exist is obtained from quantifying the cone axons in the Henle
ﬁber layer. In the central macula, the cone axons and Mueller cells
processes are displaced away from the foveal center. Thus, in the
centralmacula theHenle ﬁber layer is oriented primarily perpendic-
ularwith respect to incoming light, since axons run radially outward
to connectwith bipolar cells. The birefringence of the fovea has been
modeled as the interaction of polarized light with the Henle ﬁber
layer by Brink and van Blokland (1988). The tightly packed axons
and Mueller cells are modeled as producing form birefringence
when struck in a mainly perpendicular direction by incoming light.
That is, the Henle ﬁber layer acts as a crystal, and retards the light
in one orientation of polarization more than in another.
There is no measurable phase retardation expected in the very
central portion of the fovea, since even most cone cell bodies are
displaced eccentrically. With increasing eccentricity, the numbers
of axons that are displaced and therefore run laterally increases,
since the cumulative numbers of cones increases. This gives rise
to a potential increase in phase retardation. With further increas-
ing eccentricity, outside the foveal pit, the layers in the inner retina
are not displaced. The cone axons are oriented less radially and
increasingly more perpendicularly with respect to the surface of
the retina, reducing the expected form birefringence due to the
Henle ﬁber layer. The inner retinal layers thicken with increasing
eccentricity, and the thickness of the retinal nerve ﬁber layer in-
creases sufﬁciently that it leads to quantiﬁable form birefringence
(Weinreb et al., 1990). The relation of the total birefringence from
the two major sources in the retina, Henle ﬁber and retinal nerve
ﬁber, has not been quantiﬁed to date. The expected birefringence
from the two difference layers in the retina, the Henle ﬁber layer
and the retinal nerve ﬁber layer, differs in pattern and amount,
depending on the retinal location (Fig. 1). Near the fovea center,
the thin but radially symmetric Henle ﬁber layer should dominate
the measured birefringence, but with increasing eccentricity, the
contribution from the Henle ﬁber layer becomes minimal and the
asymmetric retinal nerve ﬁber layer dominates.Fig. 1. Macular birefringence schematic. Light passes through a ﬁxed region of the co
contributions from both the Henle ﬁber layer and the retinal nerve ﬁber layer, with the
dominant.The interaction of polarized light with macular birefringence
leads to the macular cross, also known as the macular bow tie,
which is a windmill shaped pattern centered about the fovea that
shows differing strength as a function of retinal position of the
light return from the retina. The strength of the difference across
the retina and the orientations of the bright parts of the cross de-
pend on the orientation and degree of polarization of the light
striking the retina, which is a function of both the instrumentation
and the individual corneal properties. Polarization changes across
the retina may be illustrated with a single image under the right
conditions (Elsner, Weber, Cheney, VanNasdale, & Miura, 2007),
but quantiﬁcation generally requires a series of differing polariza-
tion conditions. The macular cross is radially symmetric in the cen-
tral macula (Fig. 2), since collinear cone axons running from the
foveal center outward produce the same form birefringence, for in-
stance whether they run superiorly or inferiorly. The presence and
location of the macular cross have been used to demonstrate the
existence of cone photoreceptors, even in the presence of severe
exudative Age-related Macular Degeneration (Elsner et al., 2007;
Weber, Elsner, Miura, Kompa, & Cheney, 2006) or an infant eye
with refractive error (Nassif, Piskun, & Hunter, 2006).
The changes in the conﬁguration of cone axons with increasing
eccentricity, that is less horizontally displaced from the inner seg-
ments and an overall cell body distribution with idodensity con-
tours that are elliptical rather than circular, have called into
question the measurement of cone axon length and radial distribu-
tion. The more eccentric axons are not completely included in a
single serial section on histology (Drasdo, Millican, Katholi, & Cur-
cio, 2007). Nevertheless, the small amount of data at the central fo-
vea does not indicate that there is the high degree of ellipticity that
has been reported for more eccentric locations. Radial symmetry of
the birefringence is expected in the healthy eye, and that is what is
observed with the macular cross. The cone axons running tempo-
rally from the fovea are expected to mirror those running nasally,
and similarly for superior and inferior axons, leading to an interac-
tion with a ﬁxed input polarization with a period of twice around
the fovea. This implies that the radially symmetric retardance near
the foveal center may serve as a model for the Henle ﬁber layer,
without a signiﬁcant contribution from retinal nerve ﬁber layer.
This model and its implications are examined.2. Methods
2.1. Polarization imaging
We acquired digital scanning laser polarimetry images in 20 normal subjects, 10
males and 10 females, ages 17–55 yr (mean age = 30.8 ± 9.2). These subjects all had
20/20 visual acuity and no abnormal fundus ﬁndings in the computed images at the
time of test. In addition, we report the results for one subject from our Indianarnea, which acts like a crystal to retard light. The total macular birefringence has
double arrow indicating the spatial extent that the Henle ﬁber layer contribution is
Fig. 2. (Top) Normal macular birefringence image, a phase retardance map, showing the change in modulation of the gray scale with input polarization angle. Light areas
indicate a large amount of modulation across the input angles, and dark areas indicate a small amount, due to the interaction of corneal birefringence at a ﬁxed orientation
with birefringent layers in the retina that vary in orientation with location. (Bottom) Diagram of decomposition of the intensity of the macular birefringence. The ﬁt to a
sinwave of two periods around the fovea (sin 2f) is compared with the ﬁt to a sinewave of only one period (sin f). The 2f data are consistent with the interaction of a radially
symmetric structure interacting with constant corneal birefringence. The f data represent other major sources of macular birefringence that might be radially asymmetric,
such as the ganglion cell axons.
2580 A.E. Elsner et al. / Vision Research 48 (2008) 2578–2585database that illustrates one example of our criteria for normal. All procedures con-
formed to the Declaration of Helsinki, and the study was approved by the Institu-
tional Review Board of either the Schepens Eye Research Institute or of Indiana
University, as appropriate.
Scanning laser polarimetry and image analysis were performed as previously
described, using a confocal Scanning Laser Polarimeter with illumination at
780 nm and 15  15 deg on the retina (GDx, Zeiss Meditec, San Diego, CA)
(Burns, Elsner, Mellem-Kairala, & Simmons, 2003; Elsner et al., 2007; Mellem-
Kairala, Elsner, Weber, Simmons, & Burns, 2005; Miura, Elsner, Cheney, Usui, &
Iwasaki, 2007; Miura et al., 2005; Weber, Cheney, Smithwick, & Elsner, 2004;
Weber et al., 2006). This instrument features a 2.5 mm ﬁxed entrance/exit pupil
and a ﬁxed corneal compensator and a roughly telecentric design. Therefore, cor-
neal birefringence is effectively constant for each subject over each pixel and im-
age, with a ﬁxed offset that can be calibrated. A series of 20 input polarizations
is scanned across the retina in less than 1 s, with the light returning from the
retina split by a polarizing beam splitter into two confocal detection pathways,
a cross and a parallel detector.
The resulting 40 images were used to compute a series of images that vary in
polarization content using Matlab (Mathworks, Natick, MA). The modulation in
the crossed detector is computed, pixel by pixel, using a Fast Fourier Transform
to smooth the data (Fig. 2, top). The result is the macular cross (Fig. 2, bottom,
Fig. 3, bottom left). From this, the amplitude of the modulation is plotted, pixel
by pixel, to show the phase retardance map. The phase retardance varies with radial
position and retinal eccentricity.
The amount of light that is unmodulated by the changing input polarization
is computed as the minimum grayscale of the minimum of the modulation func-
tion (Fig. 3, top left). The average of both detectors is similar to a typical confocal
image (Fig. 3, top right). The maximum of the phase retardation, when plotted in
grayscale, is radially symmetric near the fovea (Fig. 3, bottom left). The input
polarization that produced the maximum phase retardance was mapped using
a pseudo-color scale, the Cardinal Directions Space (Elsner et al., 2007). This
space maps input polarizations that are out of phase along a continuum in addi-
tive color space, e.g. from red through achromatic to green, and allows phase
wrapping. Increasing amplitude of the modulation is plotted as a more saturated
color; therefore, desaturated colors indicate weak retardance with respect to sur-
rounding retina. The input polarization that produces the maximum of the phase
retardation, i.e. seen for the crossed detector, emphasizes that the birefringence
is not constant in phase at greater eccentricities (Fig. 3, bottom right), and thus
shows more contribution from less regularly oriented structures with increasing
eccentricity.To better model the birefringence contributions in normal eyes, we tested
only subjects younger than those typically diagnosed with Age-related macular
degeneration, and excluded subjects with diabetes or glaucomatous optic neu-
ropathy. As seen in Fig. 4, glaucomatous optic neuropathy leads to degenera-
tion of the retinal nerve ﬁber layer around the optic nerve head. The
degeneration extends towards the macula, and the contribution of the retinal
nerve ﬁber layer to macular birefringence seems to be unusually low in this
individual (Fig. 5). Further, there are changes to the retinal pigment epithelium
that are nasal to the optic nerve head, which are inconsistent with healthy
photoreceptors (Fig. 5, top right). Although cone axons at this peripheral loca-
tion run vertically, and would not contribute to total macular birefringence,
our goal is to model normal Henle ﬁber layers and retinal ganglion cell axon
contributions.2.2. Birefringence model
To study the component of birefringence due to the Henle ﬁber layer, which
produces the macular cross, and minimize unwanted contributions from other bire-
fringent structures in the macula, we ﬁt the following function from the data in
each subject’s birefringence image:
AmplitudeðeccentricityÞ ¼ a sin f þ b sin 2f þ C;
where the total phase retardance is comprised of the sum of two sinewaves, one at
the fundamental frequency (f) that has one period around the fovea and the other at
(2f) to allow for the interaction of the birefringence of the cornea and the Henle ﬁber
layer. The sin (f) component allows for asymmetry around the fovea, for example due
to structures such as the Raphe of the retinal nerve ﬁber layer. For each concentric
ring around the fovea, the phase of each sinewave was iteratively and independently
varied to ﬁnd the best ﬁt, as was the amplitude of each sinewave, given by a and b.
The phase of the 2f sinusoidal component, in fact, did not vary with eccentricity
in the central ±1 deg. This is illustrated graphically in the macular cross in Fig. 2,
since the bright or dark portions expand outward along the same radii over that dis-
tance. Thus, phase was not analyzed further, nor were the higher harmonics such as
4f. The constant C allows for variations in amplitude, such as for reﬂections due to
the shape of the foveal crest, and for our subjects did not vary systematically with
eccentricity. Linear regression of the amplitude of the 2f component as a function of
eccentricity was performed for each subject. The ﬁt to linearity was assessed by an r
to z transform. The peak of the 2f component as a function of retinal eccentricity
was estimated for each subject.
Fig. 3. Macular polarization image data for a normal subject. Four of the image types computed from the raw data of the scanning laser polarimetry are shown. (Top left)
Depolarized light image, computed as the minimum grayscale over all 20 input polarization angles, and is dominated by scattered light from deeper structures. (Top right)
Confocal image, which is the average of both crossed and parallel detectors. (Bottom left) Birefringence image, which is the modulation of the crossed detector.
Fig. 4. Optic nerve head data for polarization imaging for subject with glaucomatous optic neuropathy changes. Image types as in Fig. 3. The large amount of peripapillary
atrophy and lack of strong birefringence along the vessel arcades indicate a damaged and thinned nerve ﬁber layer. This implies abnormally low peripheral macular
birefringence, excluding the subject from analysis.
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except that they used a 1.5 deg diameter sampling region at various fundus
locations and averaged over the sample. We did not use the Mueller matrix
approach to remove the corneal birefringence in this study. Thus, to avoid
averaging over peaks and troughs that would both be included in a 1.5 deg
wide birefringence sample near the fovea (Fig. 2), we used rings of increasing
diameter, centered around the fovea, that were 3 pixels wide. The foveal reﬂexprevents measurements at the foveal center. Close to the fovea, the rings had
too few data points to compute the model parameters. There were no data
points within 0.25 deg within of the fovea. To further study the effects of
eccentricity on the 2f sinusoidal component, we compared 3 pixel wide rings
of eccentricities of 1.4 and 3.2 deg. These were selected to be similar to the
eccentricity of the circular sampling regions used by Brink and van Blokland
(1988).
Fig. 5. Macular polarization image data for the subject with glaucomatous optic neuropathy in Fig. 4. Image types as in Fig. 4. The damage to the nerve ﬁber layer is seen also
in unusually low macular birefringence outside the central macula, excluding the subject from analysis.
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The amplitude of the sine wave ﬁt to the 2f component of bire-
fringence increased with increasing eccentricity (Figs. 6–8). The
linear portion of the data was particularly striking for eccentricities
less than 1.25 deg (Fig. 7). There was an excellent linear ﬁt of the
amplitude sin 2f as a function of eccentricity for the individual dataFig. 6. The amplitudes of the 2f and the 2 sinusoidal components of the macular
birefringence for 2 typical subjects, plotted as a function of retinal eccentricity, for
successively larger rings centered about the fovea. The 2f component increases
linearly with increasing eccentricity, in the foveal region.of 19 of 20 subjects in this portion of the data, with intercepts near
0 (p < 0.004). This is consistent with excellent radial symmetry of
the Henle ﬁbers in the foveal region. For Subject 20, age 27 yr, there
was a general increase of the 2f component with increasing eccen-
tricity, but the ﬁt was poorer (Fig. 8), particularly in the central fo-
vea where there were few data points in the ring used for the ﬁt
(p < 0.09). This subject, who was neither the oldest nor youngest,
had similar data on repeated measurement. This assumption of
corneal birefringence that is well-modeled as a crystal might have
been violated for this subject, who despite 20/20 visual acuity had
long term problems with refractive error that could not be resolved
with traditional sphere or cylinder corrections. However, the ﬁt
near 1 deg is linear for Subject 20. Therefore, by considering only
data in the region of 1 deg eccentricity, the amplitude of the 2f
component was well-ﬁt by a linear function of eccentricity for each
of the 20 subjects tested.
The subjective peak of the 2f component of birefringence differs
across subjects (Fig. 9), ranging from about 1.06–2.46 deg from theFig. 7. The amplitudes of the 2f and the f sinusoidal components of the macular
birefringence for Subject 1, plotted only for the linear portion in the central 1.25 deg
eccentricity. Amplitude sin 2f = 1.823 + 9.229 *eccentricity in deg; R2 = .974. Ampli-
tude sin f = 1.916 + .93 *eccentricity in deg; R2 = .187. The dotted lines indicate the
95% Conﬁdence Limits for slope.
Fig. 8. The amplitude of the 2f and the f sinusoidal components of the macular
birefringence for subject 20, plotted as a function of retinal eccentricity. This was
the only subject without an excellent linear ﬁt for the 2f sinusoindal component
near fovea, but demonstrates the strong inﬂuence on macular birefringence of the f
sinusoindal component outside the fovea.
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ally a broad maximum (Fig. 6). Beyond the peak of the 2f compo-
nent, there was a decrease with increasing eccentricity, and for
some subjects at greater eccentricities, the 2f component can be
of lower amplitude than the f component. However, at 1.25 deg
eccentricity the 2f component was still at least twice as large as
the f component for 17 of 20 subjects. For all 20 subjects, the 2f
component dominated the total macular birefringence when
eccentricities of about 1 deg were examined.
For computations in a large group of subjects, there is the
potential of signiﬁcant intrusion of other components into the total
birefringence, such as those due to retinal nerve ﬁber layer. When
the data for only the 2f component of birefringence were scaled to
be 1 at 3.22 deg, the mean retardance for the 1.4 deg data was 1.53
times larger than the 3.22 deg data, which was statistically signif-
icant (p < 0.0039).
An increase with increasing age of the peak of the 2f amplitude
would indicate a decrease in the distribution of cone axons. As
demonstrated in Fig. 9, there was no strong relation of the peak
of the 2f sinusoidal component with age (R2 = 0.018), thereby not
supporting a linear model of change throughout the lifespan. The
only subject without an excellent linear ﬁt of the 2f sinusoidal
component to retinal eccentricity only nearer to 1 deg, was among
the younger subjects. The subjects in this study overlapped the age
of subjects in previous studies who had peaked distributions of
cone photopigment and macular pigment, whether the peaks were
steep or gradual. All subjects in the present study were all at least
10 years younger than those found to have an annular distribution
of cone photopigment and macular pigment. Thus, there was goodFig. 9. The eccentricity of the maximum amplitude of the 2f sinusoindal compo-
nent, indicating where the peak birefringence associated with the Henle ﬁber layer
occurred for each subject, plotted as a function of age. Regression of the retinal
eccentricity for the peak of 2f on age, with 95% Conﬁdence Limits shown as dotted
lines. There was no clear trend with age for our sample of normal subjects.
Peak = 24.713 + .1 *age; R2 = .018.agreement between the present study and the previous studies of
photopigment and macular pigment.4. Discussion
Macular birefringence was shown to have at least two compo-
nents, with a strong sinusoidal component at 2f in the central mac-
ula. This component is consistent with phase retardance due to the
Henle ﬁber layer. The 2f component increases linearly until about
1 deg eccentricity. At greater eccentricities, the amplitude of the
2f component decreases for all subjects, but is still readily measur-
able even in the presence of the contribution from the retinal nerve
ﬁber layer.
The peak of the linear portion of the 2f component varied
somewhat across subjects, but not with age in the narrow age
range studied. All subjects had an excellent linear ﬁt for the 2f
sinusoidal data near 1 deg eccentricity, regardless of age. The
present subjects were younger than those found to have an
annular distribution of cone photopigment and macular pigment
(Elsner et al., 1998). This indicates that the alteration in the cone
maps, with maxima at increasing eccentricities, has not yet oc-
curred. Thus, there is no support in these data for the outward
migration of cones, or relatively greater death of central cones,
in this age group. Older age groups with healthy retinas are
anticipated to also have strong macular birefringence at 1 deg,
since the diameter of the annuli for macular pigment was great-
er than that for photopigment. This previous ﬁnding implies that
the cone axons tend to travel laterally, as in younger subjects,
but with the longer axons still displaced eccentrically. The recent
data on Henle ﬁbers do not include comparison data for older
and younger subjects in the central fovea (Drasdo et al., 2007).
However, if the changes with eccentricity are due to the thick-
ness of the Henle ﬁber layer, which indicates the number of cone
axons, then the excellent ﬁts and lack of change with age in the
central ±1 deg indicate radial symmetry and similar distributions
of the cone axons for our subjects.
For a complete model of total macular birefringence, the contri-
bution of each individual’s cornea must be removed (Weinreb,
Bowd, & Zangwill, 2003). As the 2f sinusoidal component resulted
in excellent ﬁts to the model, then the birefringence remaining
after this component is removed may be used to model the cornea
and the retinal nerve ﬁber layer. At 1 deg, the young to middle-
aged subjects tested in the study had a strong signal for the 2f com-
ponent. Thus, for quantitative models, the data at 1 deg provide the
opportunity for excellent signal to noise ratio in the ﬁtting of the
three components, and the ﬁxed corneal birefringence can be re-
moved to provide the signal from the retinal components alone.
As the signal for the 2f sinusoidal at 1 deg is strong for the age
range tested, and likely to be strong also for healthy older retinas,
this component provides a potential standard against which dis-
eased eyes can be compared for phase retardance. There are signif-
icant birefringence changes with exudative Age-related macular
degeneration (Elsner et al., 2007), and the present data provide
the ﬁrst step in a model to discriminate normal from diseased eyes.
The phase information may also be useful in a complete model of
macular birefringence.
Light that does not retain its polarization characteristics upon
interaction with disease tissues or several layers or normal tissues
becomes randomly polarized. The amount of light returning that is
unmodulated with input polarization quantiﬁes the scattered light
returning from altered structures and deeper layers. Scattered light
has been used to visualize features not otherwise seen (Burns et al.,
2003; Elsner et al., 2007; Mellem-Kairala et al., 2005; Elsner, Burns,
Weiter, & Delori, 1996). A quantitative measure of scattered light
may potentially quantify early disease changes, and computations
2584 A.E. Elsner et al. / Vision Research 48 (2008) 2578–2585made using data at about 1 deg eccentricity will ensure a good sig-
nal of the modulated component, so that the remaining weak sig-
nal of the scattered light is measured under favorable conditions.
Our data are based on reﬂectometry measures, and light may
not fully pass through the retina at every point and therefore
underestimate the phase retardation. Even though we found a lin-
ear ﬁt, linearity per se is not a necessary consequence of the radial
increase in form birefringence due to cone axons. A gradual de-
crease in the 2f component is consistent with the change from rel-
atively horizontal to vertical of the cone axons, that is a change
from perpendicular to the illumination to parallel to the illumina-
tion. A sharp decrease in the 2f component would be more consis-
tent with a defect in the photoreceptor distribution.
The elegant methods that magnify the structures of the human
retina in a noninvasive manner typically do not provide quantita-
tive measures of the Henle ﬁber layer. Photoreceptor imaging al-
lows counting of photoreceptors, but not in the foveal region for
most subjects (Burns, Tumbar, Elsner, Ferguson, & Hammer,
2007; Li & Roorda, 2007; Pircher, Baumann, Gotzinger, & Hitzen-
berger, 2006a; Roorda & Williams, 2002; Wade & Fitzke, 1998;
Xue, Choi, Doble, & Werner, 2007). This procedure often requires
wide dilation, and depends upon relatively clear media.
Even with the newest methods of Optical Coherence Tomogra-
phy, the Henle ﬁber layer is often not visualized well enough to
quantify cone axons in the foveal region, and in some case the in-
ner segment and outer segment are combined into a single layer
for purposes of labeling (Iftimia et al. (2006), Nassif et al., 2004, Pir-
cher et al., 2006b, Srinivasan et al., 2007). When OCT is combined
with polarization, the Henle ﬁber layer is better visualized than
with reﬂected light OCT alone. However, the signal to noise ratio
is still not high enough to provide a smooth curve in the en face
sections, with radial banding that are not seen in our images (Pir-
cher et al., 2004).
In summary,wepresent a ﬁrst step inmodelingmacular birefrin-
gence that can isolate the signal from foveal cone photoreceptors
from the remaining elements with retinal birefringence. We identi-
ﬁed a location, 1 deg eccentric, that should provide a good signal to
noise ratio for quantiﬁcation of birefringence and scattered light.
For modeling birefringence, by adding a second step that removes
the contribution of the corneal birefringence, the absolute value of
macular birefringence could be obtained. This provides a noninva-
sive and inexpensive quantiﬁcation of foveal cones.Acknowledgments
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